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ABSTRACT: A straightforward approach to the synthesis of electrically conducting PEDOT thin films
usingmetastable and organic-solvent processablemixtures that rapidly polymerize upon solvent evaporation
is presented. This one-step synthetic procedure, previously used to prepare well behaved polypyrrole and
polythiophene films, has now been extended to one of the most academically/industrially studied and
commercially successful polythiophene-based polymers, PEDOT. The methodology can be used to synthe-
size smooth, uniform, homogeneous, crack and pinhole free, conducting (0.02-0.47 S/cm), and highly
transmissive PEDOT films with well-defined spectroelectrochemistry by spin-coating organic-solvent
processable mixtures of EDOT monomer and phosphomolybdic acid oxidant onto conductive and
nonconductive glass substrates.

Introduction

In 1976 Heeger, Shirakawa, and MacDiarmid showed that
π-conjugated organic-polymers could be made to conduct elec-
trical charge over a wide range of values by simple oxidative
doping.1 This pioneeringwork stimulatedmultiple lines of inquiry
directed toward exploiting this property for practical applications.
In particular, Heeger envisioned that this new field of research,
created at the boundary of chemistry and condensed matter
physics, would produce a new generation of polymers that would
combine the superior optical and electrical properties of metals
with the excellent mechanical and processing advantages of
polymers.2 However, achieving this vision would not be straight-
forward. Conductivity and processability are mutually exclusive,
or at minimum difficult to obtain in a single material, often
requiring a judicious compromise between the twoproperties. For
example, good conductivity is often associated with highly planar
and strongly interacting π-conjugated polymers, whereas good
processability is typically associated with highly twisted and
weakly interacting π-conjugated polymers, making it difficult to
simultaneously achieve sufficiently high conductivity and proces-
sability within one material.

One class of conducting polymer that has seen significant
attention from both academia and industry, largely because of its
diverse and often remarkable properties, is polythiophene-based
polymers.3Unfortunately, relatively few viable technologies have
emerged from proof-of-concept stage to full commercial realiza-
tion because of processability problems. While ameliorating the
processability of polythiophenes by adding bulky side chains is a
common technique, it invariably leads to reduced conductivity
due to diminished intramolecular π-π interactions.3 An alter-
native strategy, first described byBayer AG research laboratories
in the late 1980s involving emulsion polymerization of 3,
4-ethylenedioxythiophene (EDOT) and polystyrenesulfonate
(PSS) in aqueous solution, was quite successful, resulting in the
most commercially successful conducting polymer to date,
namely poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT-PSS).4,5

The utility of PEDOT-PSS, a water-soluble dispersion that
is readily cast into conductive, transparent, stable films, has been
demonstrated in diverse applications including polymer light-
emitting diodes (PLEDs),6 photovoltaics,7 antistatic coatings,8

electrochromicdisplays,9 supercapacitors,10 solid state ion sensors,11

biosensors,12 and fuel cells.13 PEDOT-PSS’s greatest commercial
and near commercial realization lies within technologies requiring
PEDOT-PSS toperformrelatively simpleormonolithic tasks, such
as electrical conduction in antistatic coatings for photographic film,
and hole injection from hole injecting anodes in PLEDs. To fully
exploit the remarkable properties of PEDOT that have made it the
quintessential polythiophene polymer in current technological ap-
plications, and to incorporate these properties into novel technol-
ogies of the futurewill require straightforwardmethodsof preparing
thin films from organic-solvent processable forms of PEDOT.

For example, the development of conducting-polymer sensor
array analogues of the mammalian olfactory system for odorant
sensing applications (i.e., “electronic noses”) requires deliberate
control over the chemical properties of individual sensing ele-
ments in the array. This level of control has been achieved
through the use of organic-solvent processable mixtures contain-
ing polypyrrole and insulating polymer, in which the organic-
solvent processable polymers were added to tune the chemical
sensitivity and selectivity of the sensors.14 Because the organic-
solvent processable sensor elements are chemically compatible
with, or “recognize” (i.e., solubilize) organic-soluble odor mole-
cules, an organic-solvent processable form of PEDOT that is
capable of generating conducting, homogeneous composites of
conducting and insulating polymer would be useful for this type
of application.

In addition to “electronic nose” applications, organic-solvent
processable forms of PEDOT are needed for PLED display
applications because the exclusion or removal of moisture during
device processing steps could improve device metrics and lower
manufacturing costs.Recently,Kim et al showed that an organic-
solvent processable form of PEDOT consisting of a dimethyl-
formamide (DMF) dispersion of PEDOT and polyionic liquids
(PILs) had improved device performance.15 The lifetime
improvement was partly attributed to the organic-solvent*Corresponding author. E-mail: Michael_freund@umanitoba.ca.
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processable/hydrophobic characteristics of PEDOT-PIL.While
PEDOT-PIL is a promising organic-solvent processable formof
PEDOT, its multistep synthesis and requirement for a low vapor
pressure/high boiling point organic solvent is far from ideal.

In addition to organic-solvent processable forms of PEDOT,
researchers are exploring new methods/processes for preparing
homogeneous, conductive, thin films, that can be grown simply
anddirectly onto a substrate, therebymitigating the compromises
often seen between processability and performance when using
PEDOT-PSS dispersions. There are currently three in situ
polymerization methods being explored, including electro-
polymerization, in situ chemical polymerization, and vapor
phase polymerization (VPP). While electro-polymerization16

is relatively straightforward, requiring one to simply place two
electrodes into a solution containing monomer and electro-
lyte, and cycling the potential to polymerize the monomer
onto the electrode surface, it nontheless requires conducting
substrates. In addition, film uniformity can often be a problem
over large electrode areas because of inhomogeneous electric
fields. Alternatively, in situ chemical polymerization, in which
a mixture containing monomer, oxidant, and inhibitor is spun
directly onto a substrate, followed by thermal initiated poly-
merization, has been used to deposit PEDOT films.17 While
this method allows for deposition onto both conducting and
nonconducting substrates, its limitations are that immense
skill is often needed to obtain homogeneous films and addi-
tional thermal processing steps are required that ultimately
add cost and complexity to the overall process.18 A third
technique, that is quite popular, is VPP. While this method
can give homogeneous thin films with high conductivity,
it nontheless requires multiple processing steps including
oxidant deposition, solvent removal, and careful control over
water and monomer deposition rates in a humidity and
temperature controlled atmosphere.19-23 To circumvent some
of the limitations of current in situ methods of PEDOT film
formation, we have developed a straightforward, one-step
approach to the synthesis of smooth, homogeneous, uniform,
crack and pinhole free, highly transmissive, conducting films
of PEDOT, grown directly onto nonconducting and conduct-
ing substrates using organic-solvent processable mixtures of
monomer and oxidant. This one-step synthetic procedure was
previously used to prepare well behaved polypyrrole24 and
polythiophene films25 and is now extended to the synthesis of
PEDOT thin films.

Experimental Section

Material and Chemicals. Phosphomolybdic acid hydrate
(H3PMo12O40) (PMA), 3,4-ethylenedioxythiophene (EDOT),
and tetrabutylammonium hexafluorophosphate ((TBA)PF6)
were purchased fromAldrich and used without further purifica-
tion. HPLC grade acetonitrile, methanol, isopropanol (IPA),
dichloromethane (DCM), and tetrahydrofuran (THF) were
purchased from Fischer Scientific and used without further
purification. Indium tin oxide (ITO, 6( 2Ω/square) glass slides
were purchased from Delta Technologies Limited and washed/
sonicated for 10 min in each of an aqueous Fisherbrand
Sparkleen detergent solution, deionized water, methanol, and
isopropanol before drying under a streamofN2. Fluorine doped
tin oxide (FTO) coated glass slides were cut from Pilkington’s
Energy Advantage Low-E glass and subjected to the identical
cleaning protocol used for ITO. Precleaned Fisher brandmicro-
scope glass slides were purchased from Fischer Scientific and
used without further cleaning.

Synthesis. Two separate solutions, one containing EDOT
monomer and the other containing PMA oxidant were mixed
prior to spin-coating (i.e., all PEDOT-PMA films were pre-
pared by initiating spin-coating within ca. 5 min of mixing). The
resulting gold/green polymerization mixtures contained 0.2 M

EDOT and 0.05-0.5 M PMA in acetonitrile or THF. Films
were prepared by spin-coating mixtures onto either plain glass
substrates (nonconducting) or FTO/ITO coated glass substrates
at 2000 rpm for 10 s. The brown/black films were allowed to dry
at room temperature for 30 min before rinsing with an∼3% v/v
IPA/DCM mixture. The films were soaked in the 3% v/v IPA/
DCMmixture for 30min and repeated a second time in fresh 3%
v/v IPA/DCM. The resulting transmissive-blue films were
shown to be in the conductive (i.e., oxidized) state by four-point
probe measurements. It was discovered that the 3% v/v IPA/
DCMrinse solutionwas ideal for creating smooth and crack free
films. Initial attempts at rinsing films with 100% IPA, or other
alcohols, gave extensively cracked films. The nature of the
cracking suggested that IPA was rapidly swelling the films
and/or extracting PMA too quickly, resulting in unmanageable
stresses in the films. We hypothesized that the cracking could be
prevented by slowing the rate of swelling and/or the PMA
extraction rate. Decreasing the concentration of IPA to ∼3%
v/v in DCM, a solvent that PMA is insoluble in, we found the
cracking to consistently disappear. For purposes of comparison,
PEDOT films were electrochemically grown on ITO coated
glass slides from an acetonitrile solution containing 0.02 M
EDOT and 0.1 M LiClO4. This was done by setting V=1.125
(vs Ag/Agþ) and passing 0.0386 C of charge to an immersed
electrode having an area of ca. 1 cm2. This gave nominally
200 nm thick films.

Characterization. UV-Vis Spectroscopy. The chemical po-
lymerization of EDOT with PMA was investigated in bulk
acetonitrile and THF solution using a 1.0 cm quartz cuvette
containing a 0.9 cm quartz insert. The ca. 0.1 cm path length
allowed higher concentrations to be studied. Spectra were
acquired at room temperature on an Agilent 8453 UV-vis
spectrometer.

Cyclic Voltammetric measurements were performed with a
CH Instruments CHI-760 workstation potentiostat that was
controlled by a PC. Unless otherwise noted, a three-electrode
setup was used, using a platinum rod auxiliary electrode and
fluorine-doped tin-oxide (FTO) working electrode. Ag/AgCl
and Ag/Agþ(MeCN) reference electrodes were used in aqueous
and nonaqueous solution, respectively. These measurements
were performed in aqueous acid (0.5MH2SO4) and nonaqueous
solution (acetonitrile) with 0.1 M (TBA)PF6 as supporting
electrolyte.

Four-point probe measurements were performed using a
Signatone four-point probe apparatus attached to a Fluke 87
True rms multimeter and constant-current source system (CHI-
760 workstation controlled by a PC). The spring loaded tung-
sten carbide probe contacts were spaced 0.040 in. apart. The
electrical conductivity σ (Ω-1 cm-1) was expressed by σ= ln2i/
πdV where d is the thickness of the films determined with an
Alpha Step 500 general source profiler, i is the current passed
through the outer probes, and V is the voltage across the inner
probes. Current was applied within the range of 1.0 � 10-8-
8.0� 10-7Aandvoltageswereobtainedwithin the rangeof0 to9V.

Scanning electron microscopy (SEM) images were collected
using a Cambridge Instruments Stereoscan 120 SEM, equipped
with a secondary electron (SE) detector, a four-quadrant semi-
conductor backscatter electron (SBE) detector, and an EDAX
Genesis 4000 energy dispersive X-ray spectrometer (EDS) at an
accelerating voltage of 20 keV. No Au/carbon was necessary
unless otherwise specified.

X-ray photoelectron spectroscopy (XPS) data was acquired on
aKratos Axis Ultra XPS system using amonochromatedAlKR
source at 225 W.

Results and Discussion

Solution Kinetics. The UV-vis spectrum of fully reduced/
neutral PEDOT exhibits a bandgap of 1.6-1.7 eV with a
λmax of∼610 nm, while oxidized/p-doped PEDOT exhibits a
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polaronic band at λmax of∼800 nm.4The rate of formation of
p-doped PEDOT was monitored by following the temporal
evolution of this polaronic band in acetonitrile, THF, and a
50/50 mixture of acetonitrile/THF containing 0.2 M EDOT
and 0.5 M PMA as shown in Figure 1. The temporal rise in
absorbance at ∼800 nm is attributed to increasing levels of
p-doped PEDOT in the polymerization mixture. Solutions
containing 0.2 M EDOT and varying concentrations of
PMA (0.05-0.45M) were also studied, and exhibited similar
behavior to that shown in Figure 1. A small rate dependence
on PMA concentration was noted (see Figure SI-1, Support-
ing Information). To study the effect of solvent on reaction
rate, solutions containing 0.2 M EDOT and 0.5 M PMA
were studied in a quartz cell with a path length of 0.1 cm. As
shown in Figure 1, the rate of formation of p-doped PEDOT
is greatest in acetonitrile, followed by a 50/50 mixture of
acetonitrile/THF and finally THF. The rate of formation of
p-doped PEDOT in acetonitrile was sufficiently fast that a
dark green/black precipitate was observed within ∼5 min of
mixing, while the rate was sufficiently slow in THF that a
homogeneous solution was maintained for at least 30 min.
The visual observation of precipitation in acetonitrile coin-
cides with the bend in the acetonitrile trace of Figure 1,
suggesting that the precipitation of p-doped PEDOT from
acetonitrile drastically reduces the soluble concentration of
species involved in polymerization, and therefore the rate.
These results demonstrate the influence of solvent on solu-
tion metastability, indicating that the time available for

processing solutions of EDOTmonomer and PMA oxidant,
after they are mixed, is strongly dependent upon the solvent.
For example, films prepared via in situ polymerization of
EDOT in acetonitrile must be spun within ca. 5 min after
mixing EDOT and PMA to avoid polymer precipitation,
whereas films prepared from THF solutions are stable for at
least 30 min.

Film Morphology. PEDOT-PMA thin films were pre-
pared by spin-coating mixtures containing 0.2 M EDOT
and 0.05-0.50 M PMA in acetonitrile and rinsed with an
∼3% v/v IPA/DCM solution before examining their mor-
phologywith scanning electronmicroscopy (SEM).Generally,
films of increasing thickness were formed with increasing
amounts of PMA added to the mixture. This is attributed to
either increasing solution viscosity and/or increasing polymer/
PMA deposition with increasing amounts of PMA added to
the mixture. SEM images of PEDOT-PMA films prepared
from acetonitrile solutions containing 0.2 M EDOT and
0.05-0.30 M PMA onto nonconducting glass substrates are
smooth, uniform, homogeneous, crack and pinhole free on the
micrometer scale as illustrated in Figure 2A, while SEM
images of PEDOT-PMA films prepared from acetonitrile
solutions containing 0.2 M EDOT and 0.35-0.50 M PMA
exhibited a heterogeneous morphology as illustrated in
Figure 2B. Similar results were observed with films prepared
from THF. It was observed that smooth, uniform, homoge-
neous, crack and pinhole free films could be consistently
prepared on nonconducting glass substrates by rinsing them
with 3% v/v IPA/DCM. If a more polar solvent or solvent
mixture (i.e., 100%alcohol or greater than 5%v/v IPA/DCM)
was used, then smooth, uniform, homogeneous, crack and
pinhole free films could not be consistently generated. XPS
analysis of the washed films gave aMo 3d to S 2p atomic ratio
of ∼3:1 (see Figure SI-2, Supporting Information). This is
consistent with one H2PMo12O40 anion charge balancing one
positive charge delocalized over four EDOT units. This sug-
gests that the excess PMA was removed from the films during
the washing step. In principle, other oxidants such as FeCl3
maybeused, however, oxidantswithoxidationpotentials close
to the oxidation potential of the monomer are necessary in
order to maintain solution metastability, and hence the pro-
cessability and production of smooth defect free films.25

Film Conductivity. Conductivity measurements were per-
formed with a four-point probe device and were found to
vary over an order of magnitude (0.02-0.47 S/cm), depend-
ing on the concentration of PMA in the mixture. The
conductivities are similar to those reported for powders of
PEDOT-PSS compressed into pellets.26 Generally, films
with the largest conductivity were prepared using equimolar
quantities of EDOT and PMA, indicating that control over

Figure 1. Temporal evolution of PEDOT-PMA solution spectra at
800 nm during the polymerization of 0.2 M EDOT and 0.5 M
phosphomolybdic acid in acetonitrile (9), THF (2) and a 50:50mixture
of acetonitrile:THF ([).

Figure 2. SEM images of PEDOT-PMA spin-coated films prepared from acetonitrile solutions containing 0.2 M EDOT and (A) 0.05 M PMA and
(B) 0.35 M PMA.
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the molar ratio of EDOT/PMA is critical to achieving
optimal conductivities (see Figure SI-3, Supporting Infor-
mation). Lower conductivity films prepared from solutions
containing a significantly higher ratio of EDOT/PMA is
consistent with incomplete polymerization and/or produc-
tion of significant amounts of PEDOTpolymer in its reduced
nonconductive state, while lower conductivity films prepared
from solutions containing significantly lower ratios of EDOT/
PMA is consistent with significant amounts of nonconductive
PMAremaining trappedwithin the film, orwith amore diffuse
porous film structure generated due to a templating effect of
excess PMA. The optimal conductivity observed when equi-
molar quantities of EDOTandPMAwere used likely balances
these issues.

Electrochemistry.A cyclic voltammagram (CV) of a PED-
OT-PMA film that was prepared by spin-coating acetoni-
trile solutions containing 0.2 M EDOT and 0.15 M PMA
onto conductive fluorine doped tin oxide (FTO) coated
glass slides is shown in Figure 3. The potential was cycled
from -0.1 to -0.6 V vs Ag/AgCl. In aqueous acid solu-
tion facile redox current attributed to three 2e-/2Hþ

oxidation and three 2e-/2Hþ reduction peaks of PMA
dominate the electrochemistry,27 indicating that PMA is in-
corporated into the film in such a manner that good electro-
nic communication is established between the electronically
conducting PEDOT and the electronically insulating PMA.
The redox peaks of PEDOT are not visible due to the
dominance of PMA peaks, similar to previous reports.25,28

Repeated CV cycling of the film (500 cycles) in aqueous acid
solution results in an∼20% drop in anodic peak current (see
Figure SI-4, Supporting Information), suggesting that PMA
is slowly leaching from the film. This is supported byUV-vis
spectroscopy of the solution which shows the presence of
PMA (see Figure SI-5, Supporting Information). Cycling a
PEDOT-PMAfilm in 0.1M (TBA)PF6 acetonitrile solution
shows that PMA is no longer redox active under these
conditions (Figure 3). The redox peaks are attributed to
facile conversion of neutral PEDOT to polaronic PEDOT at
intermediate potentials, followed by conversion of polaronic
PEDOT to bipolaronic PEDOT at higher potentials.29,30

However, when the film is returned to aqueous acid solution,
and cycled, the PMA peaks are again redox active.25,31

Attempts to completely remove PMA from the film (e.g.,
repeated cycling) were unsuccessful, presumably due to its
steric bulk. However, PMA is a well-known catalyst, so its
presence in PEDOT is expected to be beneficial in applica-
tions requiring its catalytic properties. Only in cases where its

Figure 3. Cyclic voltammagrams of PEDOT-PMA films deposited
onto FTO electrodes by spin-coating acetonitrile solutions containing
0.2 M EDOT and 0.15 M PMA. The pristine PEDOT-PMA film was
first cycled in 0.5 M H2SO4 (black), followed by cycling in 0.1 M
(TBA)PF6 acetonitrile (red), and returned to and cycled in 0.5MH2SO4

(green). A total of five scans at a scan rate of 50 mV/s was applied to
each solution. Potentials measured in 0.5 M H2SO4 were referenced to
Ag/AgCl and potentials in 0.1M (TBA)PF6 acetonitrile were referenced
to Ag/Agþ.

Figure 4. Spectroelectrochemistry of PEDOT-PMA films were con-
ducted on FTO coated glass substrates. The films were prepared by
spin-coating acetonitrile orTHF solutions containing 0.2MEDOTand
0.15 M PMA. Spectroelectrochemistry of electrochemically grown
PEDOT-ClO4 films were conducted on ITO coated glass substrates.
All spectroelectrochemistry measurements were conducted in 0.1 M
(TBA)PF6/acetonitrile solution. (A) PEDOT-PMA film chemically
grown from acetonitrile and potentials scanned from -1.0 to 0.6 V vs
Ag/Agþ and (B) PEDOT-PMA film chemically grown fromTHF and
potentials scanned from -1.0 to 0.6 V vs Ag/Agþ (C) and electro-
chemically grown PEDOT-ClO4 on ITO and potentials scanned from
-1.4 to 0.6 V vs Ag/Agþ.
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redox behavior may complicate performance would it be
necessary to remove PMA.

UV-Vis Spectroelectrochemistry. Using the above CV
experiments as a means of determining the correct potential
ranges for switching and evaluating the stability of the
electroactivity of the PEDOT-PMA film, in situ spectro-
electrochemical experiments were conducted as shown in
Figure 4. PEDOT was deposited either chemically in the
form of PEDOT-PMA or electrochemically in the form of
PEDOT-ClO4 onto conducting glass substrates, rinsed in
3% v/v IPA/DCM solution, and allowed to dry at room
temperature. Electrochemically grown PEDOT-ClO4 films
were grown onto conducting ITO coated glass substrates for
comparison purposes. Chemically grown films were depos-
ited onto conducting FTO glass substrates from acetonitrile
or THFsolutions containing 0.2MEDOTand0.15MPMA.
Films were placed into a 0.1 M (TBA)PF6 acetonitrile
solution referenced to Ag/Agþ and electrochemically oxi-
dized or reduced stepwise by increasing or decreasing the
potential. The spectroelectrochemistry of PEDOT-PMA
films grown chemically from acetonitrile and THF are
shown in Figure 4A-B, while an electrochemically grown
PEDOT-ClO4 film is shown in Figure 4C. Formation of
polarons is attributed to the increase in absorption at
∼900 nm in conjunction with the decrease in intensity of
the π-π* bands at∼600 nm through a well-defined isosbes-
tic point. The π-π* electronic transition of PEDOT-PMA
films grown chemically from THF or acetonitrile are similar
to each other (λmax ∼ 590 nm), while an electrochemically
grown PEDOT-ClO4 is ca. 10 nm bathochromically shifted
from the chemically grown films (λmax ∼ 600 nm). This
bathochromic shift may be attributed to either lower degrees
of polymerization in the chemically grown films or steric
interactions originating from the bulky PMA counterions in
the PEDOT-PMA films, which inhibit intramolecular π-π
interactions. Presumably this is absent in the PEDOT-ClO4

films containing the much smaller perchlorate counterion,
therefore allowing for increased intramolecular π-π inter-
actions and resulting increased planarity. The nature of the
polymerization solvent has little influence on the resulting
spectroelectrochemistry of the films. This is consistent with
the similar morphology observed for films prepared from
THF or acetonitrile. The color of PEDOT-PMA films
ranged from deep-blue/purple in their reduced states to
transmissive gray/blue in their oxidized state. This suggests
that PEDOT-PMA films are good candidates for electro-
chromic devices and applications requiring transmissive
electrodes. The spectroelectrochemistry data demonstrates
that good quality, switchable PEDOT-PMA films can be
prepared through in situ chemical polymerization.

Conclusions

We have been able to synthesize, in one-step, conductive
(0.02-0.47 S/cm), uniform, smooth, homogeneous, transmissive,
crack and pinhole free PEDOT-PMA films possessing well-
defined spectroelectrochemistry through in situmetastable poly-
merization, by spin-coating organic-solvent processable mixtures
of EDOT and PMA onto either nonconductive or conductive
glass substrates. This straightforward organic-solvent process-
able method of preparing high quality PEDOT films should be
applicable to current and future technologies requiring organic-
solvent compatible processes and is currently being explored in
our laboratory. We have been able to demonstrate that the redox
current associated with PMA is retained in the films when they
are electrochemically cycled in either aqueous acid or organic
electrolyte. We are currently exploring methods to remove or
swap PMA from PEDOT-PMA with other inorganic ions as a

way to modify the conductivity, porosity, and chemical proper-
ties of these films in order to fine-tune chemical selection for
olfactory sensor arrays.
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